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PREFACE

Thr, foIoving refarences were used extnAively Ini compffing
thl. roport on refrac€ory-matl phase dIAgrr.rm.

(1) Constitmiun of Binary Alloy. , by M. liMnn aM;

K. Anderko

(Z) T1ntAlunt And Niobtum, by 0. Millr

(3) TantAlum And T~ntalum AL1t.6, DMIC Report 133,
by r. F. Schmidt

(4) Phy lcal And M(chanicA| xProjtertlsi of Columbiw.,
and Coiwnbium-fla.o Alloyg, DM10 Report 1.15,
by E. S. Uiar-ett x-757A. Houck

(5) A Stdy of Te:rart Phase DiAgrains of Tu. :cn
And Tantalum, by W. Rosto'ker

(6) .iolybdenum Met TchInl-I Notes - Constitution
Diarams, by R. K. Fre man and J. Z. Briggs

(7) Tungsten - Blibliography, 1953-19S, by
P. W. Foltqn

Those referencec were nupplementvd by libr. ry research And
by Interviews with Government contractors now conducting workC I.
thin field,
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fll¢AFY AND TERNARY P11ASE DIAGRAMS OF COLUMMUM,
MO.YfDENUM, TANTALUM, AND TUNGSTEN

SUMMARY

i
This raport contAins a compilation or discussion of 913 binary and

68 tern.r.) phase Jiara.ms of thc four refractory metals, columbium, molyb-
dunum, tantalun, and tungsten. Included with oach diagram is a discussion
which lists informatiosr on the sohibility awd zrytal structure of inter-
mediate phAsea. When avura t inm et.lations of A particular d&aram are in
disagreement, 'Awe discrepancies are disfiunsed.

j Many of the diagrams are incor plate, .and arc subject to revision a:
more definitive data bocornz avatlable, However, they are Included in this
report so tfoat the readers may have aa up-to-date information as possible on

1 each of the systems.

l
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INTRODUCTION

)f, Ow t .e d for structural mator~ala for usi at higher and
Shighet temuptratures, mc ueirha development omphasib nas bo

plaeu:d %.n thc refractory met-als columbium, rmolybdonumr, tantalum and

tungxtei. Thsto four mtali have thb higheat mclting points and hilhest
1 stre.nth-at hlh tomperatur s of all the metrAi elmc-ti %=uilalab inuseful

quantities. The emphasis In research and development %cavition has been
on aloy devetopment phyaical itallurgy, oxidation Lehavior, protective-
uating syatcm, And malting ad fabrication methods. In Almost all of thoe

activit*let a- no-_'edge of the alloying behavior a exemplified by the phase
diagratn is important.

This report ronsists of a omptlation of One phavse diagrams for alloysI Aoiubum. molybdenum, tantalum, and tuagsten. Many of the diagrams
are-nt-omplate, whIle others -are aubject-to re-IAon-as more definitive
data henOMe available. It is hopedthat users of this report will suppy
DMIC- with any additional phase-diagrant information on these metals that is,
or may become, avallable.

IORGIATCIN 0F THE RPR

The phase diagrams-in this r4.port are divided into two sections- binary
systeras-and ternary systems. The binary-diagrams are arranged into four
groups, one for each ofthefou" metals. Within each-group the systomts ar
.irranged in alphabetical order according t thelsplling of the _sv imd clement
-in-the system. A diagram- involving two ofthe four subject metals IN listed
only in:the first alphabetical grouping. For example, the columbium-
.nolybdenum systcn. Is-not repeated as the molybdenumn-columbium system.

The ternary phase diagrams are alio arranged-alphabetically in four
groups. -When two-cr muro refractuey muelas occur in a system they are-lsted-first, in alphabetkal order. For example, the columbium-tantalum-
chtomium system -will not be lip ted as -the- columhium-chromium-tantaluum

I system.

U' This report has-been, bound with a plastic binder. This- will permi,
!Lditiona- diagrams to be added as they become -available. If depired, L.*
diagrams can-be removed from the present-binder mnd Inserted- i an al.-jpropriate loose-leaf binler.

I
tI

I



TIM PIH.ASE DIAORAMS

The f ur refractnry metals, wh, e phase dingrams are compiled isk
this t-eprt. have body-centered cubic structurts. Columbium and tantalum
are Group V-A elmenta and molybdenum and tmngsten art Gruup VI-A cle-
monts. The molting ponts and lattice constants of each of tha four elemants
are li %td I-,low:

C F Lattice Parameter, A

Columbiun 2460 4460 3. 300
.Molybdanum 2620 4750 3. 147
tantalum Z996 5430 3.303
Tungsten 3410 6170 3. 165

As would be expected from their lattice constants, these elements are
mtually siluble in one anothr. flowover, the phase diagrams with other
imystems vary cons' .,ably from, one bape to another. For example, colum-
blum ,-tnd tantilurn have high solubilitieo. kor interstiti I elements while
mclybduaum and tungsten do not.

In the phase diagrams which follow, a short discussiun is included
bolow each diagram. It lists information .uch as maximum solubility and
the crystal structure of intermediate phases. ;Vhen sc%.oral investigations of
a particular diagram are in diogreeme ,t, the discrepancies are discusied.

In the discussions the numbers in parentheses rofer to references
11stetd in the Bibliography at the end of the report.
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COLUMIBIUM-ALUMINUM SYSTEM

i

go0060
800 L+Cb AI3 \ -1400

700-68

600
7a+CbAI

3

1/oo 75013too

0 500- CbAI 3  75J4 J
Cb3 AI CbzA6 6685 S 00 i

E G2260

30-5150 a 0

200 s50 a+CbAl3  400

l Por cent Cb0 I

Cb 13 20 30 40 50 96 97 98 9 At

Weight Per Cent Aluminum

Three li.rdfat. phs:sc have been zepotd. Cb3 1 h, a cubxc beta-tungskn niuctwe with5. 17 A.() Cb2Al has & teitsSonal. sigm-type structu. with a v 9.9*,3 A. c - S. iii . and
c/a 0. CbA3 is tettgonzl wiL'3 a 5 438 A. c . 601 A, ind c/a 1.682.01)
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COLU IIUM- DORON S, STrM

Atomic Per Cent Boron

0 20 40 Go

_b B -5800

L05000

04000;25000 1 LCbC -a (aB 2  4600

2+CbB c 3400

E1500 -~ '2800 r

Cb3a2  Cb3B4  b32 1
+ Cb B 2200

1oo - ob bC bBz CbB
I +B 4- 1600

500 _=1000.400
0 4 6 8 10 12 14 16 18 20 22 24

Weight Per Cent Boron

Cb32 his a teulSontl. U3Si2-type strut:ur wth a r 0.173 kX, and C , Ai.X, ( 4 ) CbB is an
onhorhonlc, Cd3-vpa Itiu,%UIC with a 9 3.208 A, b • S. 724 1, and c 2166 A.(5. 6 ) Cb3D4 1s an
orthothombic , Mn4-1ypC ttruct wzith A a 3, 2t, A, b x 14. U .1 3. 1 A.(C) LoB2 Is a lex-
igonal, C52-type St;uctute wid, a 3.089 A. c a 3.303 A, an' .0. 7) Cb3B And Cb-D a'so er-si
aye: inc :mperazturte rnges.( 5 t) Th iolubblity of boron .i.s.u.. , less ttan 0. 05 ght pur
cu".-at 1500 C.(18M)
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COtIJNMUM- CARB3ON SYSZM

I20 - 5500
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I- 1000
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583 /02 o
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Weight Per Cent Carbon

Two cAbi~dz of columblin exist. Cb4.C 41 haxseonaI, having a hnuttd j.ion d! Wluh.!,Iy UtNccn
5.43 andi 8.53 weight per cent catbo. CLIC Is& Ise(ae tzc cubic wht3 IsiticeputetIC
a - 4.410 A.0-I 9) Mtioraphit: evidence indicates tht: cmzst~oce of a petstectic .cactio t . CbC - Cb-.rI ~ ~At some nccrhc cp~ic Alloys :icIj= in caibon th~a the VLIC phase (i."a by tilt cutenise Sc.1ction
I- - CLIC + gzAjhhte ~A APpmxltnxtclY 3250 C.(00)
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COLJMBIUM-CERIUM SYSTEM

3000 --- 5400
i. Nu

I

2600 __ -"- 5000

2600- / L+ L0/ 4600
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a- 1 4200

3600 1-~31000
02000 L

C.+L 3400 ,

C 000
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G ~ 0 1400 T

r + -- 1000

400

<0.05 600

200 1 1
Cb 10 20 30 40 50 60 70 00 90 C.

Weight Per Cent Cerium

The phasc dagrim iL'ows an extentive region of immhicIblllt, in both the lqculd .nd the solid states.
The monoitctichodz.ntal .;t at 2370 1 20 L. ine melting temperature was reduced [rm 2415 C for piaw
calunmlum to 23C'0-238-1 C with 0.2 weight per cent cerium. Separation Into two liquid 13ye starsu at
!.0 to O.U we!,h per -.vnt cerium.(1)

4/01
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COLUINIBLW4-CIIROMIUM SYSTEM

T

I 4000

I 1717 L-, L t CO 7O / Zl
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31 1550000

tI400

1200

IWeigh? t Cm Cimi

Thic solubility of itomniun sit coiuuiblum it approxaiascly 12 weight, per cent at 1500 C. s"Itaeuius to
4 wateit pet cent At 800 C. Tat solubuaay of entumblum In chromium is 5 vaight, pct ,s s 1500 C. tkecact-

Sog to 2 %cight pt cent at Boo C.012) rbCt2 Is iacc-crntered cubic ith A u 6. 95-4.91 kX.A13)

J 4./61
(9)



COLU1{31UIU -COBALT SYSTEM

//.o
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CbCo2 ! helleved to exti in two niodiflcadons. on i t 33.3 Atomic per ccent , C jum havIng a
cubic )NgCu2C15) tp. of ::t.t %'c wLh & K 6.168 A. T. st-ood suucture exists around 27 Atalc per cent
and ' the mjNi 2( 3 ) type of stiuctus¢. To lAttic spacings for tWI g:rutat We- :Cpo,:ed as a - 4.135 A,
e a 15.48 A, and c/a , 1.031.( 14, 15, 1)

(10)



1COLUMM3Ut'1 1-iA.NIUM 1- YSTVA

139 -

13.38
13,37

.~3.36

* SPOciffons quenched

-3 from 1650 C
-j

I3.33 -

13.32

3.29 J
C Cb 5 10 1! 20 213 30 35 40 45 50

j Atomic P~er Cent Hafnium

The solubtity of h!if-um In colurnblurn Is expected to be gtuere thAn 40 ator-1c pet ctnt (49 wtcJ&h

pt cm!)i 1650 C. (169)
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COAj.MjjLUMN-ji YDIkOG~ SYSTEM

1000

900
-1600

800 'Legend
-EperimentalIslobar

--- Coovioted Isobar

0~~ 1200 U
J600

2.2

I So

100 3m- 00

400

200 0. m-400

i~0

Hydrogen /Columbium Ratio

mutle wo-phaiw segiot is pteknt at ielatively low tempet:uta and pmtc4c~ witah w.ulical point



COLUMBUUM-!R1ON' SYSTEM

t Atomic Per 'Cent Iron
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(13)



COLUMBIUM-LANTHrIIU11. SYSTEMl
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Wevtativ egIlom of Immuiciblily occu In iht 11~qjt and~ the woldid c sop. The mnmotcchotzonta
II ci t 2400 &20 C. Sopatatlon Into two Isyttio4ccwt it 0.1 10 4 4 iWitlelptc cas. t laiwz. The

wlublity In t solid trite is t im 0n(.05 dight pa: cent m t oom tempetaute.(")

(14)



COLUMJ3IU M-M0LYflDE14' A YSE
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C b 10 20 30 40 50 60 70 60 90 MO

Weight Per Cent Molybdenum

I Col=utnu and wolyrkno form a cmoiawou ,edaa of aoUd setijuans.( 1) xnkeeov dceaaitsd the
Meil pointo oUys conatnog 20. 30. 70. Wsi 90 IeuI~a pat coat Mioybdwwmn.( 20)-



C)LUM13LUM-NLCKET.. SYSTEMII
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10 20 30 4 C.'K an0 7 e 0~

Weigi Per Cerit Nickel

C04I3 hat &a orhonblcC tj3-Iyyc stiuu with luttice pafam.Imn a-5.10 IX. b a4.65kX, - nd
c. 4.25 kX.( 23) Trhe solubility of columnbiurn In nickel Is appioximatstly 15 wceight per etnt at 1250 C. '11he
scilubility of rackel in coluutbiw ij lets dhan 5 wiot~j pvt cern.( 4) The %spgum was consttmc*4 from t
data ptepateA by FAgodin and Seletmann.(25)

00/G



COL'JMBIUM-ZIRCQI4IUMI Sys~rE~"

Atomsic Per Cent Zirconium

2600 20 40 so 60 100

2400 . 4600

2200-

20000

2000 - +

1600-
0 IL

-2800
1I400-

1~200-

1000 - 3+aZr 1

60000

400- V gICb+cZr 
ar9 10

200 - 0

01 1 1 1 1 1 I I I I I
Cb 10 20 30 40 150 60 70 00 90 Zr

Weight Per Cent Zirconium

The diagram developed by Ro~crs tnd Alkirt 3hows that complete solid souIlit1y e(dsu ab(-10 .(53)

A 40tectold occtui-- :p=!h'~teiy 628 C and 82.5 wc!ght per cant ziromiurn. The horizontal extends from
13 to 93.6 per cent zirconiutn. Dosnagala placed the eutectoid temperature at 8oo C. wish t: continuous
series of solid solutions existing above 1180 C, (4)

4/1
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COLUMMUNM-OXYGEN SYSTEvM

Atomic Per Cent Oxyge
0 20 30 40 50 60 70

L
-4000

L L+CbO L+CbOt
2001945 C 15 - M.

, 0 .72 10.5 0
U% 2 1 , U .

0&

T 100

,0.2500

+CbO I CbO+Cbo 2  '

2I T 150

500 d -i1- 000
Cb 5 !0 15 20 25 30

Weight Per Cent 0xygen

ItIer wepotod tat three oxides of colunblum exist with lirited regions of hornogenely. CbO poscesses
A cubic MWucturi th a' a 4.211 A and Oix atom mrr unit cell (NaCl lattice with ordered vacaticles). The
CbO2 structure is similar to the tuule suucsre P.1 Ch2 oS occurs as thjrf- crystalline Uodific. io~ss.( 2'1) The
the eutectle temperature 1916 C.(pa)
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COLU,%t11VUM- J.,*'VON1U M SYSTEM

i
I

I
POW

I 1
24 00 Liid 4900

2000 -

IIrv

00 606000

I ' i 625 1c

400 - S00

0 I I I .1 . I j
Cb 10 20 30 40 50 60 70 80 90 PU

Weight Per Cent Plutonium

It ft bello-ved th t no lnoItcr dlAte P hcs Cxis In thl :y'= .n.( .)

i 4I !

1a
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COLUMBIUM-RHENIU vt SYSTEM

3200 -

3000 Liquid 
+  L

2800 - x*L 9,5 0, o

70.5 4800
2600- %G+ L o65 r+L e 97

wo-=-= -,= 77
2400 - 6 1 5  4" 4400

c' - * 0 + x
o20O0 x X + 4000

= 2000 6 36000 2160
oo

C..0)

3800 3200
+ X.

1600
2600

1400
2400)

1200 -

2000

1000-

1600
b0. 10 20 30 40 50 60 TO 80 90 Re

Weight Per Cent Rhenium

~~~~~~~~Two compounds are present in tFh' system. The€ siguia phase is imnmorhottu withlrzhnmu .ii

L.'12 - 9. , c z 5.07 A, and c/A .52. e cz pase is an a-hin-type structure witb a -0.67 A.( 1)
The diagram shown is the reult of work perform d by Grant and Glesicn.(2) It dlfert from prior work In the
stability range for the sigma -hase. Greenfield and Beck(30) and Levesque, SBkebrede, and Stown( 3 3) state that
ht :g na phase it isable only in he ":m:raluzor anga below 1075 C. Xnapsoa's hypothesis that sigma Ui stable

at high tempezatures( 3 ) agrees with G;rarss re!!;.

4161
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COI4UMBXUM-SIJ4CON SYSTEM

Afornic Par Cerm Silicon
020 40 6u 8 100

260 Cbj - - 60

Cb + L.40
2480 C

1 ~2400 - -

220L 
j 200

.0 38

+ b.

~ci~' 1930 C
E 180 +

4'~ 3W00
16,I00, ' G

F +91 3000

11600 L -010,260
CbSI 0\S

++

ICb 4Si 21 ...L. +
-- 12200

Cb 20 40 60 F.0 Si
Weight Per Cent Silicon

Thzee lmeffncdute phaset wci reported by czptn.(35) Cb4 s1 Is Ihouorphous With TA45i and Zt4Si.
IuSamsov :cpmeJ the UUU stuurto hAv a beagoail (.Fe3N-type strattuta vith it 3.69, A a~nd c a 4.40 AP43G)

CbS31s n(&Mu In I #u nwd!Uifcationt, Wisb he i ransfination between 1iJOO and20 xC.o cS i2 has a hexa-

90021 CtS[2-tYPe stnzctume with a u4.796 A. c % 6.669 A. a.nd c/a ,34.7 b1

(21)



COLUMB3UM-TANTALUM SYSTEM

Atomlic Per Cent Tontolurn
3200 20 30 40 .50 60 70 80 90O

3000- ~2970C 50

2800- Liquid--I
S,-5000

_3
:Y)000 'gIX 540

2soo+ - -V-

- 4-

-- 4200

Solki
220

-3800

200C -

I.I -T I __-

Cb 20 40 60 60 Ta
Weight PFr Cent Tantalum

0::r -~- uJ . ,
4 1  

WUi g li

.. z:lo. of Wol s u.uji.,t.(40. 4 !}  , iu
cchIrh44) detemined the Iocation of the solidus crve for the system. Th. inehing point of the putt metl

are sllatly lower than the accepted values and ,,y b. attributed ro the presence of oxyrn.

.(22)
(22)



COLUMfLUM. -THORIUM SYSTEMt

I
1 2600

2400 - Liquid 4400

220 0k - !4000

400 L3 20

I 1600 - 2\ 00

I 1400 :- ... +
a+y - 2400

I1200 1. . 1 ,, 1 1 1 7 400I ,

Cb 10 20 -30 40 50 60 70 00 90 TG

Weight Per Cent Thorium

There me na, compoutds In the systcan. A cutectic reaction occurs at 14-M C and 8 weigh, rer cent
columblum, Solubility of colunbui Is very liited In all terminal phases. The maximum solubility is
lest thin I weight per cent c1numblun at 1435 C. am less than 0. 1 weght per cen In alpha thorium.
Thod-vi, lnuhllity In col um Is negligile.(C-)
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COLUM.BIUM-TIN SYSTEM

160032

2600 2900 U

zzoo - + a \koo

2O00 - .000±25 \ Liquid :C

I ++ Q1400-
CbbSn L - 2400

;ooo \~ 1 L+L
\6/ o

1200
600 -

2L+CbSn 800

200 - 400
Cb.Sn+Sn

0 I J l

Cb 10 20 30 40 50 60 7 80 90 Sn

Weight Per Cent Tin

Cb3Sn is a (3-tungsten-type *zrucsure wiLh .a 6.29 A.(3 5, 39) The sold ,.sublllty of tin In colsmblum

is 9.1 weight pet cent w.,om temperature, -ncreasing to 14 per ct-t at the peditectc temperature. The

solublilty of columblurn In tin s lci; uha , 0. 1 welpht per cent at the melting point of tin.(38.3 9)

(24)



COLUMBIUM- TITANIUM SYSToEM

I

I
Atomic Per Cent Titanium

260 20 40 60 so 100I , I I II I wI1
2410C __ _

240 m-4 0

2200 -4 000

2000 -+ -3600

1800

I.

EI

4 .O~ 1:4300
2- 2-0 -1-?

!W

2000

Cb 10 2030 4050 607068090 TI

Weight Per Cent Titanium

:I

bita-titanlurn And colurrblurn fronn a cond:iuous serie of solid joluitons.( 43) Marenuc~ tranfrmation
occurs In alloys up to 28 weight per cent colurnblw. under cooling rates of 100 to 10, 000 degbscZ.(U) The

I
minimum concentration !or retaining bcc bet&~ structure by quenching is 36 per cent colv&K4um.( 4 5)

4/01
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COLUMBILIM-TUNGSTEN SYSTEM

Atomic Per Cent Tungsten
20 40 60 30

6200

3300- 0 -1

100 -5800

3100- L /

/ 5400

a+L.

E / E

/ 5000'

2700 -
a

4600
2500

2300 4200
Cb 10 20 30 40 50 60 70 80 90 W

Weight Per Cent Tungsten

,ilkheev and Pev w,"5 1) Von Bolton(5 2), and Buck.e(40) stated that de columblum-tungstvn sy;-em

formed a continuous series of solid solutions.
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COLUMBIU-I-URANIUM SYST ,M

2600
L~quid

12400 -'ud-4400

2200 4000

2000 L+ 3600
I

1800 3200

I +

1600 P
, oo _• 2800

1400 00

I 0o y, 2000+
12400

Boo / y+ Y60

I 1200
1 600- r

I a+ a

400~ ~~ 1 oo

Cb I0 20 30 40 50 60 70 80 90 U

Weight Per Cent Uranium!
Coluwnbiun az gamma anturn fom a continuous setri of solid solution above 60 C.(406-4 9) The

monotectold reAction occurs between 91 and 93 weight per cew utanium at 635 to &45 C.( 46,47 ,49) The alpha-
to-beta u.antdorrnmaon occias by a petieculd rfctlon. (47 "49)

I 4161
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CObLUMBIUM -VANADIUM SYSTLM

260011

240 - 4000

2200 Liquid

E2000- 3600

100
a65 -3200

160'b 10 20 30 40 50 60 70 SO 90~ V
Weight Per Cent Vanadium

Wilhda. Culson. sWN Dlcktsi~ foWd IhAI O)C tyl.U1 Val conus wl"c of wi~f soudon.(50)

(23



COLUMBIUM- ZINC SYSTEM

I

1300 - --.

1200 Cb+L 2200
.. ....... 112 0 ,

IIi__ _l

I1o[ l113 10,^ 2000

1oc - 1035

oo 50 .00
500o- 2

4ooi I 1 l l [ l l 1 -

700 -

WN ch 1200
600-

500

4001 I - Jew

Cb 10 20 30 40 Sa 60 70 @0 g0 Zn

We W.ght Per Cent Zinc
!

CbZn3 Is a cubte AuCU3-Iype Muctum wih a U 3.03 A.(229 23 1) COZn 1. 5 Is haxaonst with

az -5.0113 A and a 26.43 A. The sumwes of tho other two compoundr. CbZn and CbZn2. have not bten

tktttr.Jned The tcmperates glvn for the petitectic reactions mpiescnt equilibrium tipemawu.-s unde

6 to 8 atztmoote pressure of zinc vapot.( 22 ) Two unidentified phas.s pomlbly foim by pethec l reaction

at t!h low-empeatre zinc-rich portion of the diagram. A tutectic Is sspected a less than 0.2 w|leit PCI

em. colurnblum, A few dtgrees below the meting point of zinc. Ho solubility of zinc in columbiurn his
been found.(230)

4I Fa
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COLUMBIUM-ZlI(CO,'IUM SYSXEM{

Atonlic Per Cent Zirconium
0 20 40 60 80 too2600I. ..

2400 - 4600

NL
2400

, 0 400

2000

1000- 3400

1600-

1400-
o 0

o1200-
-220 EI lI-

1000- R+O Zr i

1600
800 - /3 Zr +)Cb

600- / 1000

400- i Cb+aZr

200 400

0
Cb 10 20 30 40 50 60 70 GO 90 Zr

Weight Per Cent Zirconium

The diagram developed by Rogers and Atkins shows that complete solld solubillhv e(Itu above 1000 c.( )

A 4utecold occm :-- :.!tety 626 C and 82.5 we!ght per cent zirocnium. The horizontal extends from

13 to 93.5 per cent zirconium. Domagala placed the eutectoid temperature at 800 C, with tht continuous

series of solid solutions existing above 1180 C,( ' 4 )
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NIOL.YBDENUMt-ALUM.NU M SYSTE N

2700

1 41800

N ~~~2500 o~ 40

1 2300 4000

2100 2150

L I ,'r". -3600.t,1 ,
1900 1 L

-3200 .

'--d760

00

I Sfo -Itof

E 1500 ~E

13CO 2400

1130

11100 2000

0y L+ L600

+ L+
7t 700 660 1200
+ 

+
[rAA +a

Mo 20 40 60 80 Al

Meight Per Cent Aluminum

I
AlMo3c ) has the so;uctute of (-W(AI) with a z 4.95 A.05) The cIyS2l tIuctue of A12Mo(5) hs

not been dete.nined. AtjMo(y) is tetragonal with a a 6.297 A and c/a . 1.588.(56) AI5Mo(p) has a
hexagonal structur Isomorpious with A15% with a 4.89 A and c/a -1.80.(06) A12Mo(a) Is body-centeed
ctul with a =.573 A, 26 atoms per unit cell, and is Isotypic widi WAI 1 2.( 6 1) The solublihty of aluminum

I in molybdenum is 6.4 weight per cent at 2150 C and .b weight per cent at 1200 C.(00})

I l



MOLYBDENUM-BERYLLUM SYSTEM,

Atomic Per C-t Beryilium
0.5 i 0

64800

\ I

240tJ - 4400\\ I

a + Liquid I\ a~MoI
2200 - 4000

\ III I'
200C - H2I0e% 00t)II ,,- a,60 ,

o o320 6.5

I E
E I

I 2800
I

Ii MoBe21400 -aMo + Eutectic II +
Eutectic

I -2400

1200

1 2000
1000 ,

Mo 0.05 0.10 6.5
Weight Per Cent Bcrytliur-

Two ?nte,".. Jlt¢ phases occur In tht syttem, De2Mo has a hexagonal MZJ-.2(C14) type of structure
with aa 4.433 A &n cu 7.341 A.(61) Bc12Mo Is body-centered teiragonal with aw v.27 A, c& 4.23 A,
with 26 atoms et unit cell.( 62) There Is a eutectlc at approximately 6.6 pe cent beryll.um and
1870 C.(63,64)

4/61

(32)



MOLYBDEiNUM-BORON SYSTEM

I
2800

600- 80
I N

I ,E' =E 2180 o 40?GEOO 4.,06

1 00o 0
CC 0 0 0 III

I S2100 3 o .

I a.EI
."20-04000

1 M626 0

W 1h 2er Ce

12800 -1850__

IMo 5 t0 15 20

I
The foilowtng ba:1dcs havz been Idantifled: 1 oo.l Is tagttonai of de CuAi 2(CI6) type with a n 5.543A,

c* 4.135 A, and c/A a 0 0854.(59,69) 103 52 is Ict'agonal and 1ltypic with Ct3D2. The low-tznpexatue
fort of ,o is tettaSonsl with a M.0 molecules per unit cell. ard a a U. 110 A, c z 16.96 A, and
c/a a 5.45(58, 69) The high-tuneetatute modification, f)-%loB, ,s ordtohemble and lsotykf. *,zh Col, Cbf,
and Tag, withn a 3.16 A. b a 8.01 A. and c • 3.08 A.(59) 1082 Is a hexagonal AI 2 (C32) type, with
a a 3,Od A, ca 3.10 A, and c/a z 1.05(9) MOIo 5 Is thombohedral wlh t-he hexagonal axis a U 3.011 A,
ca 20.93 A, and c/a" 0. 95.(8,59) A Clmax Molybdcnum Repozt(G0) gives th- eutectic tempcatur as
2180 C and a composition of 2.75 per cent boton, a value wl, lo differs from the results obtained by
Stlnitz.(09)I

I
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MOLYflDENUNI-CARBON SYSTEM

3000 - 1 0
2800- Liquid -5200

2600k X.dV~L I40
24000 -____ ~2400 -4400

22C.0zi 2 4000
- I -

o" 2000 -

060.018 *1
E
V 1800--30

1600-
-200

1400-

-2400

1200-

-2000
1000 .~L j I

mo 2 4 6 8 10 12 14 16 le N0
Weight Per Cent Carbon

Catbon dissolve.; LilsersiAlly up so 0.013 walghtpe pcent~.(") Mjo2C 1, & htqonl W2C- typs tuc tuft
with a -I02 A. clI 4.72A A, aid c/su 1.674.(66,67) The heugoaalpbaMiMtC i itypi Wish WC.
There is hagretvineat on thc values for die lsce psamnetems Kuo g1es she value asam 2. 896 A.
c m 2. 809 A. arml U/am 0. 909, with one molybdenwm storn par urn cell.( 67) Nownty :eport.- Lhe lattice
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MOLYBDENUM-CIIROMIUM SYSTEM

40 p40 00

d0000

ft 10 20 30 .40 to0 0 so ;a
WO-9tif Psi com C"Nffwm

The Maet&11uuo1-ch.-WUm Iytern fowt a coollnuz=s cues of ild solutloi at Wjh lcu"e-
atume;.( 15- 64, 71) A mum~nt In thte Meltng point OCCWS at APf'DOXIntly 10 Wtigig P"t ce0( CIMOWUM
and 1WO C.071) Kvldence of a phuc Iamatlon In &Uo)I% up to 40 Wc46 pat Cent cWvolim has boon
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MOLYU DEN UM-COBA.V1' SYSTE M

2400 Liquid

2200 - 4000

0 a +L - 3400

1800 3200 L.

al.

1600 ~ % 1~.i600Ly1600o o

140 4 ajo + 3-0

I A~250 _ f-~ 3 ~ 2,400 i
63 7

-1~209 -2000
1000 I

600 GE 1(11600
I \

,.oo-! \ t

S~oo 120

600o II \20

,ooo I _"_.. ... _--_,

4001- 1 t I h I I I 1 1 o
Ma 10 20 30 40 50 60 70 SO 90 Co

Weight Pat Cent Cobolt

The solid solubility of cobalt in nolybdenum was fouJ to be 2.15, L1 .4, 0.96. and 0.6 weight
pet cent at 140. 1375. 1300. 1200. and 1100 C.( 69) Mo6Co7 is :hombohedtal-hexagonal and Liotyplc with
WVFe 7 (D95 type). Iu lattice parmueten ase am 8.890 A, a m 30"48' at the Ideal co.ipotlton, and
aa 8.873 A. a m 30"53' If satnated with cobalt. (70) The mucture of MoCo 3 is similar to that of WCo3 .
This phate Is lsotypic with NI3Sn (DO19 lype).( 7 0)
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MOLYBDEN U M-HAFNIUM SYSTEMI

2800 
.

240 Liquid - 4400

Ia 4OO +L" 219oN.

21015

IIoDoo' - 50 71 3m o

a 7+= Hf 0

2000-

I100 1 14 1 I 1Ii0,Io

17 +aHf*

000-1 

0
600

Mo K) 20 30 40 50 60 70 00 90 Hf

Weight Per Cent Hofrium

The Intermediate Lveaq-phas., Mo21if, fomiiu at 2180 C by a pilhecric reaction. The crystal structure

of this plase Is a cubic Cu2hig (CIS) type. wid 8 mole.ul per unit cll. Its Lattice pamtzet is 1.560 A.
The solubiUty of hafnium in mol)bdenurn is 40 weight per cent (28 atomic per ccnt) at 2180 C, dectraini to

28 weight per cmt (16.5 gtomic per cent) at 900 C.( 78)

4/G1

(37)



MOLYBDENUM-HYDROCEN SYSTEM

4

W i-.1

6 2A

SE

00 t
400 50 GOO 700 600 900 1000 1100 1200

Temperature, C

Shown istc the resultsof two dctgninations of th- ohability of hydrfogta in SoUd Inolybdalurn. Culve
A was detainlni by I.Iudn(C7). Cwtvc 31 by SI.Yecu I an zing.(17)
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MOLYLI tN,-M-jRON SYSTEM

I
* ~2600 -___________ _________

1 2400 -4400

2 200 4000
Liquid

2000- 300U L+am0 \\.,
I I18oo \ \ 3200

1480o14

1400 O +O

I 1180 62.5 AF4

I 22800i
II 1aggo1400 -0 M + o 39

coo - 11760 magnetic

I ronsfomahaon0II0

Mo 10 20 30 40 50 60 70 80 90 F
aWeight Per Cent Iron

The(-i is tlombobedial of teWFe7(D85)ype wih a ,8.99 A. = 30'3.9'.(02,73) Thestsucttte of d a-phJse Is teUtagonal, with a a 9. 188 A. c a 4.812 A., and e/ l. ., 5237 at 36 velsbi per

cent !=n (50 alomlc per cent). Thee ave 30 &tomU per unit cel.( 7 4 ) The Solubiihy of lion Itn molybde"ua
h 10.5, 0.1, 4,R, nd 7.7 weight per cent at 1490, 1400., 1200.1 3140. a 1100 C, mpxcccvely.(5)

I /i! 'I
J 4/Gl
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MOLYBDENUM- .NGANESE SYSTEM

1400
MOO -. ~o

1300

120097.6 2200

U 1100 Y t

0 1000- 9o
Iooo - _980o

900 -
1600

800-0

700 ^4-

600 I .. I I 1

Mo 20 40 60 8O'0 90 92 94 96 90 Mn

Weight Per Cen: Manganese

A rim& phase of 60.1 wcllt pC: cent (63.7 atomic per ceat) !s ibi & ake 1116 C. s gha e
tcuagnal sItrUctuet with a a 9. 10 A, c a 4.74 A, a.nd c/a a 0. 62. and ordered atomic Alranlemcn.( 7 9 60)
Twenty *wc ht pW: cent manganea was found dlt:olvcd In allo)s fast-cooled (800 C per minute) frm IO C.
Only About 10 pet cent MMIanCtI In tolution aifte 110W Cooling to 1oM tempefAturt.(8l) Anotl.cr Intiumedlate

,.se, possbly stable only above 1100 C, exias between 80 and 88 atomic per cet man&anesC.( 82)

I
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MO.YB DENUMwf- NICKEL SYSTEM

I

2 Atomic Per Cent Nickel
20 40 60 so

i 1800\ - 3600

0 L+amo Liquid
1600 14 2000I =

{ 0 ,9 I 5. 2 2400 U-
o1200 Mo_= 8+aiO 20-0o0_

1000

e aoo - EE 800 840- aE -60

600 aMO+8 B+y -1200

600 20I 4o -Y3 80o

400- 3340

1 2001U-LA J
Mo ;0 20 30 40 50 60 70 80 90 Ni

Weight Per Cent NickelI
MoN! (6) forms by a pudtectic itaction at approximately 130 C.(5) MoNI3 (n Is li'agomal clos

packed widz a a 2.54 A. arid c:a a 1.65.(86) MoNi q;) was ieponed to be a f(ce-ceaced taeuagonalSupenittctwe withan 3.02 A. c 3.57 A. ar c/a 0.986.(SO) Hlrm reported flt havi, an oWaed face-centezed tetragonl sticttum with a 1 5.131 A. c w 3.571 A, an c/a - 1. C,23.(6 1) The solublity cf nickel
In mol;bdewmr( 85) '130.8 0.5. 0.65., 0.5 weigh pej cent at 1340, 1316. -290, and 1200 C,

1tepedvely.

iI
I

1 4163
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MOLY1DENUM-NITROGEN SYSTEM

1600

600 120 0

E MOXN MoN I

zoo- 400

0C I I
Mo 2 4 6 a 10 12 14 16

Weight Per Cent Nitrogen

Thcf-phae. stable only above 600 C . h: a facc.tcmwd tewaosal ttice ot thc ainyw aum Atrni
With a% 4.18 A, c,- 4.02 A, u4 c/a a 0..,061. aftct quatdhng from abo'e 660 C. The position or riUogaa
atoms It unimown.(83) hJo2N Is fac-eantual cubic with a a 4.16 A o the molywdenwn 9;de o as 4.161 A
on the ntroen sWe, MoZ4 has a hexagonal supeztnzctutw cotulstLng of 16 atoms per wuit cell with a 6.725 A,
C . 5.0OD A, MW clAI 0.980.(S')

4/(
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MOL1Y1DEN1UM-OSMIUM SYSTEM

Tt*c 11101 MCInUM-01,:iln IvItOO1 hs It, III final ge 0a(t eo p.:imm by Talo. IV foumIthe
~oi.ubi11y ofu ia n mnolybkawm to t3"10 (1001 40M 10 Wight pat Cent At I10a C to 30 WaIp~t pat cat
m1 V350C. A (Puo itn:. law., Noj~os, for~m afou"A ?200 C. It LA1i t ovel a l1Im;14 eompodflom
.. Z -it ttvut 40 wcfght pct cwnt otium. A 1SW~n :Om, M03Owj, fomsn by a pulacctlc rcAC110 at 3p-
I'""4mA'ciy A.400 C ara '15 vc1-wt pc r..- oih~m gr 13M, 4~ vra~ I~~ .nao but1 c~
pvt cent it 1000 C. Mboiybocaum is solubla in otmlum up go25 valiat pet cents at 100 C, Incrta:Sng to
abut 30 VCI01t, pcr ccc:at At2400 C.

No diagrAau Is avAIlAb1e at %hts tima.

410
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,MObYBDENUM-OXYGEN SYSTEM

1700

1500 -L

-2600

21600 -
O Oxide 0

CL 1300 240
E E

200 
-2200

1200 -200

Ioo L I
Mo 0.002 0004 0.006 0.006

Weight Per Cent Oxygen

The solubility of oxygen in molybdenum was detetrrd by rew anad IAnninj.( 89) Thie iUne feptesents A
thice-phase 2quilibtIuin between gameut oxygen, molvbdenum oxide, and oxygen d~siul m'iaxllc msolyb-
dcnum. The composition of the oxide was net dttatnlned.
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MOLYBDENUM-PALLADIUM SYS'kJM

!

280000

2.,600

2400 - Liquid - 4400

22 OO 4000

2000 +L- 3600
UU

1'30 -e 0 i

7oo 03200

C61600 200!E +,o_ __2___ _ _ _\ oo E--

1400 - 2400

1200
I = e200

1000
800-0

o1600

1 600 1 1200

Mo 10 20 30 40 50 60 70 80 90 Pd
Weight Per Cent Palladium

I Th Intermediate phat I Is hexagonal close packed, formed by a peitecitc tsactLm at 1740 C.
Hawort nd itme-Pouer/ established th !isz rce of a slight solubllhy of palbidlum In molbiaeum aJt
high tempeatrs. 4 to 9 waeghr p e w! palldlum.(0) Their findings dlmgr.; with the solubility values
obtained by Greenfleld and Beck of tp to 28 weight per cam piaf um.( 91) Raub determined that the

aolblUty of iolybdenum In pall a,,n Is 44.9 weight per r:.- .- ,nbdum at 1200 C, decreasing to 33.2i per cent at 800 C.
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h(OLYBDENUM-PLATINUM SYSiEM4

2800

2600

2400 Liquid - 44,0

2200 Mo + L 0+ L 2- 00

2000 0 360

4 S

E O 3200

0 ~PtL

14 0 0 M C, + - 4 0
1200

1200 
f- 2000

- 1600

8008-

600 1200

Me 10 20 30 40 50 60 70 80 90 Pt

Weight Per Cent Platinum

Knapton( 93) veifled RAubS fndLgs(92) of an Ltamedlate phase e with a htsa-onal-clos -packed

otuucwre, with a a 2.80 A and c/a a 1.603, at the :.nolybdenum sde, and a = 2.786 A and c/au 1.611.

at the p!aDrnurn dde. a, Is facc-centeted !t'AgonAl with a x 3.896 A and c/a • 1,005 to 1.009. The

solubility uf platinum In molybdenum Is vety slight.
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MOLYBDENUM-PLUTONIUM SYSTEM

I,

I

24000
2400 --- Liquid 

4000i " ,2.1 4000

3200.
1600 - c ,-3

24001

Bo 0- 1600
625

400 So0

I ! L [.. !.L !.I..I.. I I

MO I0 20 30 40 50 60 70 00 90 Pu
Weight Per Cent Piuton;,Jm

No inernedilA:e phaet hawe ban found In this sytem.( 29)

I
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MOLYBDZNUM-RHENIUM SYSTEM

Atomic Per Cent Rhe:ium

3500 10 20 30 40 50 60 70 80 90100I50I I I _T I I I

- 6000

3000 Liquid

/ I
/ /

0a+L 5000

o 2500 - u

/ ,4000 'Cox

2000 -

- h.i1A2000

1500 I

I2000
Mo 10 20 30 40 50 60 70 v' 90 Izz

WeigM Per Cent Rhenium

The a-phase, Wo2 Rte3, Is a tetuqoaal (1321? am~crure Lsomorphoss wish tie a-phase found in lion-
chromium alloys.( 94"7) The lattice parameters at 60 atomic per Cent (73 weight per cent) ate a a 9.588 A.
c a 4. 83 A, and cA a O.s2i.(-V.) .apomn found tou-phase to be stable only at 1160 C and above.(96)
The body-centeted cubic phase, X, i li'..morphous with a-manganese. It cottesponas to an approximate
composition of MoRe3 with a 9.55 A.(91. 94) The solhility of rhenium in molybdenum ranges from 46
weight per cent at 1200 C to 59 weight per cent at the etitectic temperature, 2505 C.( 94 )
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MOL U M-ILHODIUM SYSTEMI

I
U

1- 
4800

2600 
Liquid 

4400i 2400 - -40

2200 - 4400

J .2000 1.1600
2 a . +Iu

160E - 3200 E

I 1600 \200

1400 
- 2400

11200 2000

1000
I Mo 10 20 30 40 50 60 70 0 90 Rh

Weight Per Cent RhodiumI
The systc.r. contaim a eutcctic at approxlmacly 41 wreht pe cet (40 atomic pet cent) rhldiurn.

The mairnum olublihy of thodium in molybdeniutm Is approximtely 2J. wcight pet cent at 1th cutectic
horizontal, dtmbl.hing to lest than 3 weight per ctat at 1100 C.(90) The t-pbue. it hexaonal clow packedi with a w 2.740 X, c 4.380 kX, ad c/ a 1.599 at CO weght per cent hodlur.( 90 92)

I
I
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MOLYBDENUM-SILICON SYSTE,

-5200
2800 -

26CQ -4800

2400 - 4400

m 3Iiz 400

~2200 1I 40
2070 -'2190 F

0

58001 - 3200

160

14. 00 ! 0 -1300

r004

12001 -

Mo 10 20 30 40 50 60 70 80 90 Si
Weight Per Cent Silicon

o3SI Is iaojyp:. wth 111, p-p t (A15 type), a 2 4.89 to 4.90 A.(N) M,132 It :etuagOo& with it
dimendons a a 9.66 A, o r 4.90 A, and C/A * 0.61. The ceU coanain 6 N03 S12 .(91) MoSI2 Is IAronAi
w!,h 6 sto- pur uat ccU (C116 type), .th a 3.24 A. c 7.8! A. .,d c/a 1 .. 162.()
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MO LYBDENUNI-TM'ALU M SYSTEM

],

I Atomic Per Cent Tafitolum
10 20 40 60 eoj3100 1

.2900- Liquid 40

5= 'Co
06 =I 5000

1! 2700- S

2 J 4600S2500 I
Mo 20 40 60 eO To

Woight Per Cent Tontolum

holybdenum-tianl-m alloys exhibit a c"tinuous wiscs of W|d tol.:o,.( 4 0. 100.101) Show.o £1 th
"lultu of a ineltng-point study made by Gesch and Summes,-Smith.(lO

1)

1

I I
i :161
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MOLYBDENUNI-TIrANIUM. SYSTEM

Atomic Per Cent TIrtium
KI 20 30 40 E-0 o 70 00 90I 0 I I I I i .. . . - .. . i. .. .... I . . .. .

2600 
- 0

2 O 
L qul0

2.100 4400

L - 4000

2000 -.

3200
I1720

1600 -
E -28000

1400

- 2400

1200

- 2000
1000 -

085
1600

8001

6200

Mo 10 20 30 40 50 60 70 80 90 TI
Weight Per Cent Titanium

Molybderuu'-tiantlurn alloys exhibit A continuous serics of solid sotldons above O00 C.( 1 02 .103) The
body-centerd titiut-rich g'lutlon tianiforms to a her,:"nf.4-close-packed iructute below 885 C.( 103 # 104)
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MOXJnl ONII -T 1 1XSTEW SYSTE~M

AIOIxi Per Cwi Tunptsn

3600sog

1 L2000
20 0M 20 ghaerC+ TiL o

300 50

I M~y~am adwg: om£cMua~i ,u ou~m. 1~ 0.~0

26 Iw
Ic0 M W 0

Iio 41.wt 31a

Nflbasm& hatnf-sAice.smitaow2o)dw.0-1# -0
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MOLyBDNUM.,URANJM 
SYSTEM1

2800 4800

2600 Liquid 40

2400
4000

2200

'.000L~ 

3600
L + U.

Q 3200;

1800

1600

1200 200

6000

~120
600057

40 to 0Z 30 40 50 60 0 80 0

Weight Per Cent WrWI=m

Tht~ ~ M cs'I1 diul~~( e (MoU2) pbAG hs Of 4W te "qO4~A bMOS1 (CuB) %yp. wih a~ 141A

c~ *33 Aandc~a 2.~ l.
1 ~ Th.~ W udwZc PoWIO of Lbc Phas dI & VS& Utablishd byt

pe, Cent at 1286 -01
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MOLYjt3DENUM-VANADIUM SYSTEM

3.2

3.1

3.OOL

Wo O 0 W W 40 W0 60 70 W0 W0 V

I Abc Per Cen Vnodum

The zwlybdenuni-YanWadum systan foxins a conuinuous smd. of i.oIld solutiwi. The lattice paraineuwsI shiown vue dpatnod by Peplz and Kleffa. (101)
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MOLYBDENUM-ZIRCONIUM SYSTEM

Atomic Par Cent Zirconium
0 20 40 60 so 1002800 26? 1 1 I
2625 4Q

1% - 40.00
2600 \

I 4400
2400 v Liquid

2200 40CO
IL+ao

2000 1880 186o- 3600

j" 1800 4

MO L+ZrMo 2

I 9
r 1400 |

12 0 40

1200 +
a + 2000

. J Mo rMo 2  /3 +ZrMo21000-

Boo- 78I o1600

600 - a r+ZrMo2  a 97-1200
4001. 1 r1 rIJgoo

MO 10 20 30 40 50 60 70 SO 90 Zr
Weight Per Cent Zirconium

MIoZr 2 is holypi. wilh hMgCu 2 (I15 type), a ' 7.591. (a7, 111) The solid soluhlilty linit of xrconbun
In slowly cooled alloys was appoxlrnately 7 weight per cent zirconium. (107)
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MOL.YflDFNUM- URCONIUM DlOMED SYSTZM

W10 - -60

2200 4000

I00 5200

1t0 - - - 11320

N '000

I ~~~2200- \
Mo 10 20 30 40 50 40 70 0 0 8

peati L1 la800 3200lscnanng2 eI e etzt22 ltcfCnt nlc iily

Z12intly ofn iwcs A.ciu cr weih (40 cet.~ The souity ofr amoynu In smile wlue )lesD.
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TANTALUmI-BORO14 SYSTEM

JVV K t V1 4o" A 6 ____11S

" t.

JON.t~;

F,4 44

i I jot ~ 0~ . 7 O7

Ta 2 and TaD asec gabie at high :empetazurc only.(112) Ta31 4 is osthorhoniblc wish a, a 3..9 A,

b 3 14.0 A, and ca 3 .13 A.(113) TaIB2 Is hex, 3nal (AI'R2 rype) w;sh a - ; .uiao A, . = U$.' b A, aud
€/a " ~ f.(11 ) Ta!L " hs a scragosal CuAl2-,ypc siucue whh :s - 5. /78 A. c a 4.864 Ao agd
c/au =0.842.(ll-e, 111) TaB is orhorhombic (AB type) wish a 3. o9 A. b * 14.0 A, and c 0.13 A.( 113i)

The phase diagram was developed by Kleffc: and benesowsky.( 1 1 4)
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TANTALUM- CAR, ON SYSTEM

I
I
I

j Altmic r .Ot Carbon

0 03 0.6 0.9 12 1.5 203040 0 0
400TC* L 1. C Liquid 2

360 0 5" C '7 00M

3200 Liquid TOSC.L t0
,,To L O 00

2800 0,02 2800C

2400 - To 000

2 2000

1600 To To2 C ToCC

1200 -TOC2400

600 - 1600

ToC- T -Ta hC

400 800

To 0.02 004 0,06 0.06 0.10 '2 4 6 8 10 12A34S55

Weigh Pof Cent Corbon

TAnC is hexagonal clo, packed with a m 3.101 to 3.104 A. c 4.937 to 4.941 A. anl ca - 1. .7.(015)
TaC Is face-ctntred cubic (NaCI type) w th a a 4.20 to 4.6? A.(115) The T&-T,*'2C tutact r4Dcr i,
0. 8 weight pW: cent carbon :nd 2600 C, anddieTaCC eutectic occur at 10 weight per cent carbon and

3300 C.(116 -118)
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TANTALUM.-CHRORUM SYSTEM

2200 4 0000

IU
2100 c a+L L+8 R d00

1900 a +,
L+oo

1800
L+ L+P -3200 U

1500

1400

13003

To 1 00 30 40 50 60 70 80 90 Cr
Wight Per Cent Chromium

Duwey. ad Marten(1 23) reported that T&Cr2 has a polymorphic transformation betwc.n 1376 and 1660 C
from the low-tempetatute cubic structue (MgCu2 -type with a v 6. W1 A) to the high-temperAtute hexagonai
structure (a a 4.925 A. c x 8.062 A, c/a a 1.637). Elliot. censide s the compou,tl hom:phous w!dt MgZn2
at all tenmperatuies from 600 to 1200 C.( 1 24 ) Grigo'orv et a.( 2 3 3 ) states that TaCt2 undergoes a polymorphia
transformation at 1805 C. They report that the solubility of chromium In tantalmsn is about 5 weight per cent
at 1800 C, and th. u bIllIty of tantalum In chromium Is about 10 weight per cent at i100 C.
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TAINTALUM-COBALT SYSTEM

Atoni€ Pc Crl Cobalt
1 0 20 4n 6o 80 100

u Ltqmd - 300

Ltq'uid

1600- 1593 C

1495 C

1400 ToCoj*L / 260

1276LC L/
67.6

1200 - 2200
OToCoz+a 11205

1033 C Magnetic transformation U.

I47000 - 0-

2- 0

108

| oV I I ..I ,

~1400

6004\

1000

400 467lC

Ta~o 1 +'600

200 -

I
'Tb 20 40 60 8o Co

1[ "wo modifications of TaCo2 have been zeporzcd: the MgCu2 type with= * 6.73 A, end thle hlexagonal

M3Zn 2 type with a z 4.19 A. c = 7.83 A, and c/a = 1.O(1P) Th compound Ta0 .Co 2. 2 (52.7 weight
per cent tantalum) posibly occurs between 1000 and 1300 C. Wailbaum(12 0) identificd the phase as a hexa3 -
onal, MgN2-type structure with a = 4.12 A, c = 15.39 A, and c/a = 3.26. Two modifications of die com-
pound TaCo 3 (60.6 we.ght pea cent tantalum) were studied by Korchynsky and Fountain: the ordered face-
centered cubic with a = 3.65 A, and the hexgona. with a = 9.41 A, c = 15.5 A. and c/a = 1.65.(119).6 The diagram was determined by K*stcr and Mulfinge.(.21) and by Iloschdmoto(12 2) .



TANTALUA-Y DROGEN SYSTEM

Atomic Fer Cent Hydrogen
0 10 20 30 35 40 45

1200 T 1yT  I
-2000

80080

80 t! atmosphere I i

S00 -1200 

E G

II

200 - -_ 400

a a +

I _0
0 0.10 0.20 0.30 0.40 0.50

Weight Per Cent Hydrogen A-34459

There Is poor agreement as to the maxintura soiubllity of hydrogen in tantalIsm.( 12 6"1 2 9) Waile et al.
list die solubility of hydrogen as 40 atomic per cuat above 60 C. udecreasing to 10 and 0 per cent at 0 and
-145 C. 1 30) Thi s iong'y temperature-dependent solubIlity reported by Waite could accoutu for die p or

agrcement. The :ccond solid solution (13) Is body-centered (or slightly distorted ody-centered) cubic.(131 )
The /3-phase also has been reported as a hydrldc of the approximate composition Ta ]I with a body-centered
tetragonal structurc gradually distorting to a face-centered othorhomblc structure 1 0)

(62)



TANTALUMI-HAFNIUM SYSTEM

3000 W40

2800

2600 Liquid 4600

P400 -

2200 --
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T 1800-
2
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10/ 0050 Vl
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1 0II

400 1

I To 10 20 30 40 50 60 70 80 90 Hf

Might Per Cent Hafnium

m.i.rhng-point detetnlnationt for the tentative diagiam detetLuined by Deardotf232) were made between
S50 and 100 wel~ht per cent hafilum. The results Indicated a minimum melting point near 80 weight per cent

hafium. The eutecld temperature Is 1050 C with tho eutectold compoition about 80 weight per cent

hafnium. The solubility of t .r.;W sax ,hassuszn is about 7 weight per cnt at 1050 C. possibly decteasing to

less than 0. 30 weight pet cent at 950 C.
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TANTALUM-IRON SYSTEM

A."nic Per Cent Ieon
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Weight Per Cent Iron A20954

TaFe2 has the MgZn 2 (C14) type of structure with a = 4.81 A, c = 7.85 A. and c/a = 1.63,(120)
Tize diagram was developed by Genderi and Hlauls,.( 125)
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TANTALUM-NICKEL SYSTEM

Alomrk Pw CqVt NO
0 tkt dO dO 10 i 'C-O40

1800- Liquid

..... TaNl 1453
[

I fo 1200 I,,,

TOI
I-'z

f I00
I iI "

I I Ij

ItI

400 S10I

I, Ii

I Ironsformoton a i

I. II
°14 Wo soo 0 to

wofv~i t Cwd WIWkl AM

T I.,Lj Is orthorhomblc (slightly deformed hcp) with a x 5. 114 A. b s4. 250 A, and c • 4.1542 A.
The compound Tn3 N(2 has been reported but not confirmed. (1 39) Alloys between 0 and 5 weight per cent
nickel and below 1600 C consist of a tantalum-rich solid solution containing less than 0. 05 weight per cent
nickel arnd an Intermediate phasc.( 140)
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TANTALUM- NITROGEN SYSTEm

Weight PeaCent Nitrogen

0 QI 0Q 03 0.4
3,326 I "J T

3.324 -- -

3320 --

331

0
3310

-J
3.310

3.308

3.302

0 I 2 3 4 5 6

Atomic Per Cent Nitrogen

Two Intermetallic compounds are definitely established for the tanalun-nltrogcn system. TaN Is hcx-
agonal close packed with a a 5.181 kX, c w 2.905 kX, and c/a u 0.561.(132) Ta2N is also hexagoual close
packed with a a 3.042 kX. c z 4.909 kx, aJd c/a - 1.614.(132.133) The nelidng point of TaN has been gilen
as 2890 C(134) and 3090 d 1(3). Chiott has shown that TaN dissociates at high tempe-::ures. forming the lower
n.ttidc, Ta,21., and nitrogen.( 130) Between 1600 and 2000 C, ;t Icast 7 atomic per cent nitrogen dissolves in
tamtlur.(136)
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TANTALUM.,OSNUUM SYSTIM

1'
S3200 .. 5600

3000
Liquid 5200

2800- \
\ a+L .. o

260a + L \,8

2:100 -' ,0048

+L\ 2420 4400 'L'2400 - 28 v 8

2200 - 4000

E 2 0 0 0 -a + 3600 Ew

1800 -- 3200

1600 -- - 2800
1400--

- 2400

1200 t 1 _
T 1 10 20 30 40 50 60 70 80 90 Os

Weight Per Cent Osmium

Tile Sigma plse forms by a petileicll reaction at spproxlnulley 2&00 C.(147) The structue Is

lettagonal with a a 0. 934 A and c - S. 189 A 3126 welght pe cent (25 ato(i per Cent) osum 48. (14oJ
The phi.elotnu by a perccilc reaction at 220C. (147) Tie ttucufe 1: Iohybly the cubic u-
manganese type obl.ctvcd by Xnapton (3, with Lait.c paaatcter a , Li. The solubility of
osmium in untaloum Is if weight per cent (15 atonir. per c.nt) at I&OV C. Increasing to 23 icIght pcr cent
(22atomic per cent) at 2500 C. (I'47 JI he sulubllt of tanaIum in osma.- i 20 welglt per cent (25 ttomlc
per cent) at 1600 C. decreaing to 18 weight pet cent (19 atomic per cent) at 2420 C.(.411)
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TANTALUM-OXYGEN SYSTEM

Weight Per Cent Oxygen
0 0A 0.2 0.3 0.4

3.325

30

3.310
-J

3.305

3.3001_
0 1 2 3 4 5

Ao.=c Per Cent Oxygon

Six oxides of tantalum have been reported. p-Ta205 is the only oxide that Is fi;mly established. it has
an orthorhombic stru.Lute with A a 6.19 A. b v 3.66 A, and c 3.89 A.(141) f-Ta2CS transforms to the high-
temperature a-Ta205 at 1320 to 1350 C.( 142, 142 Tao 2 has A tettagonal (T'(U2 type) structure with

Sa 4.109 A, c a 3. 065 A, and c/a z 0. 651.(144) TaO Is cubic (NaC1 type) with a a 4.22 to 4.39 A.(44)
Ta2O is othtihonbc with a = 5.29 A, b = 4.92 A, and c a 3.05 A.(, 14 3) Ta4 0 Is orth'odaonabic with a a 1. 194
to .238 A. b w 3.266 to 3.273 A, and c v 3.204 to 3.216 A.(144) The solid solubility of oxygen in tantalum
is 1.5, 2.2, 3.1, and 4.2 atomic per cent at 700, 900, 1100, and 1300 C, tespectively.( 145) The lattice
parameters were detemined by Gebhatlt.( 146)
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TANTALUM-PLUTONIUM SYSTEM

3
i

3200
- 5600
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- 2000 -
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Weight Per Cent Plutonium

No Inicuredn!te phses are known to exist In h1 syscm.

j ~ I.
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TANTALUM-P.AIENWM~ SYSTEM

t.Q * 520

Liqid 00

L2400/+ 20

2000 4000

7.600

260

3200 40

1000

8200

Ta 10 20 30 40 50 60 t0 s0 90 Rd
We~ight Per Cent Rheniumn

Rte3TA2. die sIgnia phase, haii a com:plex tcu:ahedit lf&U'z;Ure i t'rPhl*w with the 11gin:PW plai(id
in die ron-chiomium sytem. The ftt:cc purAmtier Is a x 9.69 A and c/a aL 0.62.(149) The Oli phase Is 3
comnj'!? c~ubic. ffw' v with n- The lAttice pairmatet wilies froma 9. 80 A at 60 weight ptt
cent (W9 atomic per cent) to 9. 0 A a, 80 weiJit r,"e cent (19 atomilc pel ccnt).(' 49-)
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TANTALUM-RUTIIENIUM, SYSTEM

3200 -5600

3000

5200
2800

' \Liquid -4600
1 2600 \ \.

o - 44004
12400 -4

uL +22000 -

2 100 2L9 600

1200 . 5-3 0166

To0 -j 20 3 I0 5 0 0 6 0 R
I Weight Per Cent Ruthenium

phithealumt Is highly soluble to tantalum,. as Indicated by the large a fleW. Dletailed X-ray Analysis
of the i-phase showed that the body-centered cubic smacwat of tantularm changes to a body-centered
1ttgOOA &I the the:Iium COntent InCrearn. This change begins between 24 and 27 wtilht pet cen thealum
(36 adss 1atomic per cmn). An cederine reaction In the solid salutior: near So weIln pet cent rheniumn was

allo ij.d'scaJ. Tte stntcruret or the Intermnediate phases pand y were ot diwsssed.
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TANiTALUM -SILICON SYSTEM

Atomic Par Cent Silicon
0 40 60 80 1

2700

.2500 C

2500 1 \2500C

qi 

-L4quid

23c0 J

"2200C- 4000
2100)1 \
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To Si

4.S To2 Si
(b) + \(b)

_, _ ToS , L

To2 Si \ightemperature form
b) Loo-tempera t we form

Tnj 20 40 so so Si
Weight Per Cent Silicon A 20957

Ta4  50 SSf I hexagonil (Nl3Sn typc) w'lti z 0.093 kX. c u 4.909 X, andW, 1 0.807. (150)

T 2Si Is letragonal (CuAi2 type) w!th . x 6.155 kX, c n ,. 029 kX, and c/a x 8. (  ) Ta8S!3 is
hexagonal (MnlSl type) with i , 7.459 kX c = 5.215 kX, and c/a 0.699. (141 TaS12 Is hexagonal
(CrS!2 type) with a z 4.771 RX, c = 6.651 kX, and c/a = 1.373. (150) Parthe, et al.(151) found a high-
and Iow-temperatute modilficaticn for Ta5 Si3 with a tetragonal structure and lattice parameters a = 9 SG kX,
c = 5,05 kX, c/a a 0.51 and a = 6.503 kX, c w 11.849 kX, and c/a = 1.82?, respectively. Hansen (15

proposed the phase diagrx.m shown.
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TANTt' lnM-TI.t,JIIR1UM SYSTEM

I

I
I

840 To To (1.5-2.0)V.. 6200
0 oo- T Te3 U

~600 To To 1200(.85-1.2) 4- fl

l ToTe ToTe3T

'3 
8J00 C.E 

E

I~ ~ ~ _ I I 1 1 I 1,, 1

To 10 20 30 40 !0 60 70 O 90 ToWeight Per" Cnt Tellurium

T he co m poun dl T T C3  l u g a te~r aon a! lattJ e w i th= a a O.PA kX nd c U 11.8 MX T!he a -phase .

TATC0 85-1.^.* shlows m olymophic change 31 840 C. There Is also vidnce for the existence of a lower

telluride of tintalum.( 1 2)

I
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TANTALUM-TITANIUM SYSTEM
Atomic Per Cent Titanium

3200020 40 60 8o 100

-5600

096 C

2800

-- 4800

Liquid
2400-

- ' - 4000

0 2000 - U.

" 3200

o. E
160 1680 C

4. 4~o .

F2400

1200 -

a85

800- 1600

40o- a_2400

8000

To 20 40 60 so
Weight Per Cent Titanium A 2Ssg9

Tantalum and 1;Jtitanium form a continuous series of solid solu:ion:. The beta solid solution can be

retained on quenchlng for titanium contents up to 50 to 60 weight per cent. (153,154)
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TANTALUM-TUNGSTEN SYSTEM

I

I
i 3,32

3.30 Myors
N, -- - Buckle

N. - Schromrn

3.28 %

3.2.1
E
0

o 3.22 -

0

1 3.18

13.16 -

I ~ ~~~3.14 . _1I. 1 1 I I I 1 I
I To 10 20 30 40 50 60 70 80 90 W

a Weight Per Cent Tungsten

I Tantalum and tungiten form & complete sciles of solid solutio~ls.( 4 0. 155. 158, 159)

I
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TANTAAAJ M-V1RANW M SYSTEM

3000

-5200
2800

-4000
2600

2400 N 4400

2200 - 4000

L +
o 2000 -- 3600

U.

E~ 1800 0
S200 E

1400
L +1600

120280 11

14000

To 10 20 30 40 50 50 70 80 90 U
Weight Per Cent Uranium

The high-temperAture solid solubility of tantalum in uranium and uranium III tantaluim Is less than
2 atomnic per cent. A peritectic reaction occurs at 1175 C near the uranium-rich side. No intermediate
compounds were observed.( 155)
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TANTALU M- VANADIUM SYSTEM

j 3000

1 ~2600 50

I ..-k460

IL

2200 - +a L 0W

2000- &

I.1800- 30
1600- -20

1 4 0 0 -- 
2 0

11200- 
20

I I1000.60

TO 10 20 30 40 50 60 T0 80 90 V

Weigjht Per Cent Vanadium

I Complete miscibility exists above 1320 C. Below this temperature TaV 2 Precipitates. The structure

was shown to be fac4-cantetsd cubic Isomnorphous with M8Cu 2.(1b6# 157)
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TAtNTALUM-ZIRCONIUM SYSTEM

Atnic; Per Cent Zconium
3 2 0 0  0 1 T- 60L0

-5600

3000

2800 -%5200

I 20480

260 - ------ ---- __ - -_ __ _ _

Liquid______40
2400 40

2200 4000

Lo 2000 *0 _L

O Liqud+y

____ L iquid +.
1800 3200

1600 1585- -

0 49 26O0

1400 - 2400

1200 -
I + 2000

1000-4-- - - ____--
O 0 I I.- 0

- 1600I -~~ 7860 C __

60j I~ - 85 a 1200
600 600a

400'

To 20 40 60 80 Zr
Weight Per Cent Zirconium A-34067

The maximum solubility of zirconium in tantalum is approximately 10 weight per cent. The maximum
solubility of tantalum in P-zirconium is appoxlmately 2'7 weight per cent. Th solubility of tantalum in
a-zrconium is less than 0.22 atomic per cent. No Intermediate phases were found.( 160)
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TUNGSTEN-ALUMINUM SYSTEM

I

3 2000 * 0Q

,1800- -$

142000' 14 00 U. I

12006
EL+4r-ZO

800oo - L -60

I 600 1200BIo ; ,I '+B )#4.

W I0 20 30 40 50 60 70 80 90 Al

WAI4(t) has a monoclilnic structure with a w 5.272 A, b u 17.771 A, c a S.21S A. and P3a I0V 12'.
The cell contains 30 atoms moitly confined to 8 well-defined layers.( 16 1) WAI12(y) has a body-centered
cubic structure with two WA112 uits per cCll.( 163) The third Intermediate phase Is WA15(8). The solubility
of aluminum in tungsten is 2.4 weilit per cent at 1300 C; the tolubility of tungsten In aluminum is 1.5 weightnet cent at 650 C.(162)

1 (
|! I
i I
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TUNGSTEN-BORON SYSTEM

3800

2-9 5-6 12-9k3600 CD CO m

3400 -0
6000

3000

5200

2600

2400±100 40
2300±50 23CX)

,2200

E E
1.R -3600k

1800

-I2800

1400

- 2000
W 20 40 60 80 8Atmic Per Cent Ba,

W2.. Is tetragonal of the CuAI 2 (C16) type with a x 5.564 A, c f 4.740 A, and c/a a 0.852.(08) A
low-temperaitte form of WB, stable below 1850 C, is tetra:onal (MoB type) with a = 3. 116 A, c x If. 03 A,
and c/a - 6.44 .(08) The high-temperatue modification, cortspondig to jMol. Is orthortiombic (C.8 type)
with a 3.u7 A.(10 4) W285 has a hexagonal defect structure; with a = 2.982 A, z 13.87 A, and
c/a = 4.65.(164) The phase diagram was obtained from Reference 108.
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TUNIGSTEN-CARBON SYSTEM

/34 Atomic Per Cent Carbon
340 10 20 30 40 50

3300 
W

I ~ oo 100
3100 Liquid 6)

310001

I-~ 5M00

2700 / Graphite+L F

2-600 4-+L2600

I + Graphite 40

240 aI %14400

VAight Per Cent Carbon

The low-temperature modification of W2C is hexagonal with a x 2.994 A, r. 4.'124 A, and
C/a i .578.0165) The high-temperature modification j'3-W 2(- is possibly a face-centered cubic strj'cture,

with a = 1. 16 .A(166) WC has a simple hexagonal structure with a = 2. 9D6 A, c = 2. 83 A, andC/S .7.;6
4/0



TUNCSTN-CHI\O14UM SYSTEM

2400

Li4000

L+a Is\Ui

2000 3600

-3200

Liquid
0

a.1600 200
F -290

E

-2400

1200-

1at 0 20=1

1600

W OD 40 60 so cr

Weight Per Cent Chromium

Tungsten andl &.mmriuuI mIn, couuinuoi~a . pm1 ulamu Y.AutloII 4 Dove 1o'C. A solld-siateI immiscibility field exists below this temperacur.(171)
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TUNGSTEN- COBALT SYSTE.M

I

Atomic Per Cent Cobalt

1020 3040 50 00 70 80 90! 2600r , 1 1 1 14% I" ',

4400
2200+ -+L Liquid

I I 3600I 9 ._ P+L, U.,
loc 0.3 21'690 55..0 9_60,,48 0 .

0.3
I-4 200

0) 0iooo E

600 15 a+y - 1200

I 201 j~ 1 ~o ;_o 4_2 ~o ~ 400
SW i 0 20 30 40 50 60 70 60 90 Co

Weight Oer Cent Cobalt

I
WCo3(y) Is hexagonal of the Ni3Sn (DOI9) type with a a 5.13 A, c x 4.33 A, and c/a . 0. 805.(167)

WcCo,3) srhomhohedral-hexavonal and IsotypIc with W8rc7 (V85 typ).( 1V'8) Ru lattice paarnet o: ae
a .4.732 A, c •2.53 A at the cobah-tdic limit, and a 4.761, cu 26.72 A at the tungsten-tich tlmi.( 167)

I

I€
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TUNGSTEN-HAFNIUM SYSTEM

3400 L

200 N . Liquid

\2o A so
N -5600

3000

28oo0 a-W+L -5200

280080

S2600- 
4800

0- " ~2450 48
2400 , "-W - II < -4400- I"'16 " 32,5.

a./ \X S-Hf + L - E
; II Wt Hf + L"22oo - / I\4000 nX

I-- / ,33
2000 -- 1 9.0 -.,v. 3600

1800 - a-W I=f H 8"30
+ IWH +PH 7 20a-Hf

60 Wz H f +
-003 1520280PH

1400 990' "H

14O- -- H f a-Hf _ 92400

12O1! W2 Hf a-Hf -20
1000o 1 1 . , I I I 2O

W 10 20 30 40 60 60 70 80 90 Hf
Weigh~t Per Cent Hafniumo

W2tf h ; the .ISCu2-tY t stuctte (CI5 10i wa v 7,.584 hX.02) Elliot ,,p. u the littdo parameter
Aa -=7.56 .(110 The solubility of tungsten Infl-hfxnfusn Is Approximately 13 weight percent at 1930 C.
It it about 0. 9 weight pet cent In a-hafnium at 1520 C.(32) Brauni an Rudy determined -he peritectic
temperature as 2640i bO C. the eutccuc temperat"w'e as 1930k 3 0 C. &id the eutect ,,1d temperature as
approximately U.30 C.030' The/10g show an a-tunsten solubility field smaller (6 weight per cent mayi-
mum solubility) titan that shown by Grant and GleseW32).
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TUNGSTEN-IRON SYSTEM

I

I
I

3400 U 6000I3000 
-5200

2600 Liquid 200

2200 0

-360
31 - if

1400 M40 67.5 ,25

,ooo 1 +, 1040
I 8- + +C9

S W I0 20 30 40 50 50 "0 80 90 Fe
Weight Per Cent Iron

c/a u 1 .627.( 1 2) Sykct swpons t2&a 5-plsae as W2r]" with a a 4.731 .x, c 25.76 'X, and /ta v 6.440.
The siructut lis tolpia) Lau symmetry with 39 t 40 atoms pet unit ceU.('i 3) Amkih tported the

and a,- 30- 30.5'.074 The solubility of hon in tI sten Is 0. a wetio 1 pet cent at 1640 C wish lltle chanj

in solubility with stanpeta'zir.( 176)
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TUNGSTEN-N1CiEL SYSTEM

Atomic Per Cent Nickel
i 0 20 40 ,60 80 ,

1600 T ,, 1505 2800
0.3 1495 145

S1400 r L,
u4 j-2400

200C o' 970 517 62 CL
" I000 ,. 6

1600
800 +

600- 1 1 10
W 10 20 30 40 50 60 70 80 90 Ni

Weight Per Cent Nickel

WNI 4 is body.centetd tetragonil with a a 5.730 1 1 A, c x 3,553 : 1 A, and c/a ,, 0.620, with 10
atonas per unit cell in ordered positlons.( 112 0 The solubility of nickel In tungsten is about 0.3 weight per cent
at 1495 C.(118)
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TUINGSTEN-N[TRorGrN SYSTEIM

SOLUBlILITY OF NITROGEN IN TUNGSTEN0 19 7)
(1 Atm Pressu~re)

I~np~tC yu~~ clit Pci Cent Nittugen Atomic Per Cent N1htgocn

2 400 0.38 x 101, 0.60 x 10*2

2 000 0. 11 X 103 0. 14 x 10*2

I1200 0. 13x 10*, 0. 17 Xt 10*4

Antifole o( !II approximate comt1ionlW~ has a Iaee-cccrmsd cuble lattice 01' tunsm atomi witht
tntstil orgmAtoms, a a4J. 126 A.09~) Sd1sbtoS obscrcd a ljt~gonal piase of the app:ozlmate comt-

postuoll Wzq. Th.:, phase is Is01otopli with WC aad~ h~at the Lattice contatt a* 2.&93A, c 2.820 A, and
/au0.977.
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TUNGSTEN-OSMIUM SYSTEM

3400
34a +L Liquid - 6000

3200 -

0 L + L 5600

.ooo - 18.5 \

-5200
2800

2600 4000

U 2400 a 4400 ,.

+ I

0 2200 0.~ +9 4000

E 2000 2
- 3600

Is8(7 -
- 3200

1600
- 2800

14002
- 2400

1200

10o0,0 I I, I I I I I I
W 10 20 30 40 50 so 70 0 'n Os

Weight Per Cent Osmium

The 0-phase. W30s has the tetr3gOZl AJ-utlilum type of structure with a x 9. 62 A. c 4.93 A,
and c/3 a 0.518. These I.ltice parameters were mnasured ata composition of 33.3 atom(c pet cent
(34 weight per ceit) osnilum. The soluhlllty of osmium In tungsten Is approxlniately 18.5 weight per cent
at 293J0 C, decreasing to 9.5 weight per cent at 2200 C. The solubility of tungsten In osmium is 53 weight
per .cent at 2710 C. deaceasing to 35 weight per cent at 1500 C, (78)
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TUNGSTEN- OXYGEN SYSTEMV

OXIDES OF' TUNGSTEN

WOC h.IaI Ac MYto 11MOV cCA ohomnogencity, Thei stnictuts is monoclialc, Isonfrphous with M00 2
witrhaa MGOA. b a 4.884 A, c a 5. 46 A,. - 11.93'. 3nd 12 AtomsMuntcl'I

A on4.phssc tcgton exits between the conMpoitlon W02& and W02*756. The stractor Is mon"c
wi~dth the litice patatticts&a 18.32 A. bm 3.10 A. ca 11.04 A.fia IIV2'. and 67£tompitu~Altcell

Anotlcr ons-03ase field occurs bstwc*A dIe coMsposlilon W02,* 1sd W02, 92. The stwuciwe Is 'toiso
dLinic With thg lattice pFram~ttf A 1 12.1 A, b u~ 3.18 A. c a 23.4 A, and fln 95. fo the conipaoeUn
W0-.*W.-40CO&). The structute is clome~ilotcd to thateofPKO3 (DO3 typ).00)

W03 Is trctd to have thtee situctural miodificatiMn. The toon temperatum form 1: monoclunc with
a" a7.285 A, Isa 7.517 A. c a 3.835 A, and psm 90.9(.(201) At 460 C, a pokymotphic ttansormation
occurs, fesulsL'g In ai structure of Natov symm ctr; thin the room-temperature modificstioe.(2C3  kt5en
700 and 75VJ C. a polymoroilc transfocnmallon occurs, rscultinig lIn a tatragoital stucture with a 5.2.5 112 A,
cm 3.92 *2 A, c/A 0. 746, and 8 atomrs pet unit ceii.(203)
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TUNGSTEN-PLATINUM SYSTEM

3400

3200 5600

It "" Liquid3000 - I % - 5400
%300 I'

200 -5000
I L+fl %

y2600 I %4
I%

2400 - 1-4-6 -2035

2000 +a

3400

1800

1600 -
, I I I I I I I I I

W 30 2C 30 40 50 60 70 80 90 Pt
Weight Per Cent Plolwin

The maximum solubility of platinum In tungsten at the ohdus tmpera:ure lics between 4 an.' 6 weluJr,
per cent platinum.( 175) Platinum and tungsten form a zetzcs of boild wautions up to a maximum of 62 weight
per :ent tUngstcn.( 1 9) Nemilov found evideauce of _n orlet-disorder transform::mn in the range of 75 atomic
per cent tungsten (76 weight per cen ).(180)
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TU NGSTEN- LUTONIUM SYSTEM

IS

I

I 3600 6400

3 Liquid 13200

I 2800

1 ~ 2400

a ~2000 N
G+L N3200

I ~ ) 1I600 -
S S0

-
2400

Soo - -'625 10

400 - Soo
il I I I, I "

w 10 20 30 40 50 60 70 80 90 Pu

Weigh! Per Cont Plutonium

INo Intermudlt haws huae been found for this systm.()

F
I
I
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TUNGSTEN-RHENIU.I SYSTEMI
3500 7 -r!- 1 "

-6000

Liquid

% , //

-L 5000

2500

0. E
0a ff+a a

-4000

2o'+ X )+a

1500 I -l I I ,,Il I

W 20 40 so s0 Re
Weight Per Cent Rhenium

The .-phase Is a tetragonal (DM) structure isomorphous %Ith the a-ph"e found In iron-dromium
alloy.( 161) Knapon reportcd the 1ttl, p::ameten as a a 9.64 A and c z 5.038 A at 60 weight per cent
hetium.( 182) The X-phase Is lomoqrous with a-tangane with an appiowiuato compoitiou of Re3W.(181)

The solubflhiv o" ir ium in taguen ranges from 2d weight per cent at 1600 C to 37 w. ight per cent at 3001 C.
The termina wlubllty of tunpten in sienlum ranges from approxlmate!y 1! weight per cent at 1600 C to
20 weight per cent at 2800 C.(181)
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TUNGSTEN-RUTHENIUM SYSTEM

1 3200 --

35600

I 3000 - 5

1 28005200
Liquid

i 4800

S2600 -+L

2400~~2300 __ 3___.. -28

230000

14 28 f2282
2200 -4000

S9

-2000 00

1400
2400

W 10 20 30 40 50 60 70 80 go Ru

j Weight Per Cent Ruthenium

I The u-phba haa the stolchlomeidc compodt;on W3Ru2.( 147.1' 83) The paramets w

a = 9.55 A ane c/a z 0. 52.(18) Ruthenium Is soluble In tunpten up to 10 atomic pet cent (6 welght pet

cent) ruthenium at 1600 C, Ircteslng to about 23 amimc per cent (14 weIht per cnt) at 300 C.(0411)

The solubility cf tunpw in ruthenium is approximately 41 atomic pet cent (56 weight pet cent) tungsten at

1600 C. Incteasif. to 49 atomic pet cent (61 "elght per cent at 2205 C).( 1 47)

I
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TUNGSTEN-SILICON SYSTEM

3400
-6000

:3200
3200 

5600
3000 Liquid

2800

70 4800

- 2400 s i  -4400 'N

2200 - 4000
4000

z0 - 3600

1800 T - 3200

1600 
-20

1400
2 2400

°w 0 t o 30 40 50 60 0 60 90 s,

Weight Per Cent Silicon

W3512 (or po~sIbIy W513) hAs A tsaBoDal suctsw wish m P.66 A. C r4.94 A, c/a * 0.52. and f3u
formuaI units "W013" pet unit cel.(l 8 4) WS12 has a teutagonaa 1.oS12 (C14) type of structut with
a a 3.21 A. cm ,1.83 A, and c/a 2.44.(1 85) The solubiUty of silicon In tungsten Is about 0.9 Wei&t pImr
cent nf 1800 C.(0 86)
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TUNGSTEN-THORIUM SYSTEM

3600 6400
I- 6400

3400

\6000
3200 - Liquid

N 5600

~~40M
026001oo

I0

200C 3400

E a+ L
W1O 3200

1600 
20

__ _ __ _ __ _ __0
.00o , --- -- -2400

1200

+ 02000

80 j 1600
W 10 20 30 40 50 60 70 0 90 Th

Weight Per Cent Thorium

Tre arc no Inieuinetallic compounds In the systm. Tht- talcrlc lempdatuce is 1475 C. Wery lttle
solubility otcurs; in any of the :emnitu plww~s. (187.138)

------ 0----

41+y- OO

'95,-



TUNGs'rEN-TITANIUM CNYSTEM

Atomic Per Cent Tilonium

0 20 40 60 60 90 100
3600

3200-

\ Liquid 16000

2400- L + W

0 2000'

16o Yk

1200

4050120 - 1q+W20

Goo -71

W 2 40 60 s0 Ti
Weight Per Cent Titonium

Th slubity of fzanflurn In tungsten is approximately 8 weight pot cent At 1880 C decreasing to
4 weight per cent st 71 5 The solubillty of tun iten In :uanlum it a=ppoxim:mey 0. 8 1woe j> per cent
at .15 c.( 189)
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TUNGSTEN-URANIUM SYSTEM

3
I -__ _ __ _ _ _ __ _ _ _ _ooo___ _ _ _ __ _ _ _

3200

- 5600

3000 
50
5800

2 0 0, a +L 
•

I o
.

1800 -
3200

I Z01600 0

IE E 60C

S1400 - 2 0

1200
2000

1000 a +1

800 770

i a+y 670
600 20

a+8

400 1 1 1 1 Soo
W 10 20 30 40 50 60 70 60 90 U

o4" Weight Per Cent Uronium

The oluhil y of uranlum In tunpten Is about 0.1 atomic Pa cent at 101(* C. (190) The solubility
of tungitcn In uranium Is 0.2 to 0.7 atomIc per cent tungan. (91) That 3Wt no In¢te ctullic compohund

(97)



TUINGSTEN-VANADIUM SYSTEM

3600 - 6400

3200 
50

0 U.2 eOO4- LN.i
00-4o00

E E
2000

3200
1600 Solid 1630 C

., -2400
< 1200

Specimens sintefed
320 ot 1750 C

a. 3.10-

3.ocI 1 L
- 3.O' 10 20 30 40 50 60 70 80 90 V

Weight Fe, Cent Vonoium

L.tlicu-pararner w asun:eats indicate a continuous series of olid solutlons t 1160 C.( 192) The
System Is Ilmulr to hc Mo-Cr system In that a two-phas region possibly exists at lower ,4eperatues.(1 92, 193)
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TUNGSTEN- ZIRCONIUM SYSTEM

I
Atomic Per Cent Zirconium

3400 20 140 60 so
"% i {I I -i--6000

32001- " wZr

300 1 %N -5600

2800 1 5200
2T Liquid

2600-- L YU

2400 - 4400

12200 -1 2175 LL

22000 F 3600eIL + WzZr L "
E"10 -I7 3200 E

"160--!+ 1650 NF

1600 1
1W2 zr oo

14 0 0 -

1203 WZr

2000
1000 a + 

1600

800 a+--Zr

600 1_ . 1 I200
w 20 4U 60 80 Zr

Weight Per Cent Zirconium

W2Zr has 1he cubic lMigCu 2 (CIS) type of itzucmuic with a a 1.511 A.(078) Me solubity of zirconium
in tungstcn is about 3 weight per cent at 2160 c.( 194) The solubilly of tungste-i in a-zirconium it less thin
0.5 weight per cent tungsten.( 195)
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CO LUMBILUM- GOUL.IIM CARflIDE-COLUMDIUM NITRIDE y-rmz4

10.1

to0 2

Il

90 100

CbC b
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CO)L.\MIUIONSILICON W.STEN(ZOS)

Sol 1-- 0W

\i V

\!-

ro 'A

40 VI q- 4
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v-, 45T

'ft. 60*

10 tz

*b j pr 'e 4

~ ~ / / J,

74 6 50 O rI Cb 30 0 il* C

AtowcPot-Co lea
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COLUM\BIUM-JiRON-SILICN SYSTEhM(ZOS)

144 Liquidus

90 1st Tomperotures,C

150

1045 58 60 1700 46 0

! ~ 4b AS :co CO 2G0~ O i~ 0 4050J9 -8 2
Fe44 90 8 0 62 18' 040 30 210l20

v -1Id
180/61 130 2
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COLUM1MDUM-.MQLYI3)')F.NUM ..TrANTA t,tlM SYSTEM(2 0 (6 )

TO

Probably

cMO-
solid miscibility

Cb MO
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COLUMIsIUIM- MOLYBDENUM%- TIT-ANIUM SYSTEMPM07

I Cb

in) 90 1100C

20 )v 90s

40 0

Ti to 20 30 40 50 60 70 SO 90 mo

Weight Pet' Cent Molybdenum
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COJAJM,\BIU M- MOLYBDENUMv-TITANIUM( SYST)EM(207)

Cb

10 90 Anneood

11/ 10 20 020 s0 60 7080 90

bi0 h Pe7et 0oyd~

4/so

50 0 5 %P



COLUM13IUMJ-MQLYJ3DENUIM-VANIADIUM iSSE 28

Isv

20 80

TO 70

vll0

Cb 10 20 30 403 50 60 70 80 90 MO
V*4ght Per Cent Molybdenum
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COb.UjvjjLt3M-MO1A13DENUMl TUNGSTE~N SYSTE10206)
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corfleoe solid

ffiscibility

Cb mo



COLU MIBZU ?,i4-#AtTALUMt Cf IROIUMI SYSTEMPOO6
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COLUBIUM-TAN'rALIM-OSMItUM SYSTEM~'f 06 )
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